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I SUMMARY

Consistent operation of the monopropellant rocket motor haa.been achieved
at chamber pressures of from 300 to 900 pei, with artificial modulation of the
propelisnt flow rate at frequencies up to 100 éycles per seconds Thermal de-
composition of ethylene oxide has not been attained, however, and in order to
avoid a lengthy wonopropellant rocketlmotor developm;nt program, it was de-
cided to run all tests with a snall amount of gaseous oxygen (F/0 ratio of
about 20:l1), Satisfactory inetrumentaiion performance has buen achleved,
although difficulties with some of the components still exist, and accuracies
have not yet been precisely determined. Preliminary pressure-lag data have
been taken, but it is felt that no conclusions can be drawn until more in-

formation is obtained concerning instrumentation accuracye

Tests have been performed on the hotewire liquid flow phasemeter to
determine its frequency response, These tests show a time constant of 0,15
millie-seconds, indicating satisfactory operation at frequencies up to at

loast 2,000 cycles per seconde

Minor modifications to the differential water-cooled catenary diaphragm
pressure transducer have been mads, and the instrument hat teen used satise
factorily on the monoproﬁellant rocket motore An additional modification
to the water cooling passages is now being checked for resistance to high
temperatures anc high heat transfer rates on a "screaming® bipropeliant

rocket motor at the NACA Lewis Flight Propulsion Laboratory.

Design of the bipropellant rocket system has been initiated, Liquid

oxygen=100% ethyl alcohol was seliected as the first propellant combination

"RESTRIUWS
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to be tested, primarily becauss of the large amount of previous data on
instability and perilormance with this combination. Construction is ex~
pected to begin early this summer, and shakedown operation of the bi-

propellant system l1s scheduled for Octocer.
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II INTRODUCTION

Ae Object

BuAer Contract NUss 52-713~c has been undertaken n; a part of the
Jet propulsion research program of the Department of Aeronautical Ingi-
neering at Princeton to "conduoct an investigation of the general probe
lem of combustion instability in liquid propellant rocket engines, This
progrem shall consist of theoretical anaiyaoa and experimental verificae
tion of theory. The ultimate objective shall be the collection of suf-
ficient data that shall permit the rocket engine designer to produce
power plants which are relatively free of the phenorena of instability.
Interest shall center in that form of unstable operation which is char~

acterised by high frequency vibrations and iz commonly known as 'scream-
1n¢"'. |

B. History

Interest at Princeton in the problem of combustion instability in
liquid propellant rocket motoga was given impetus by a Bureau of Aero-
nautics symposium held at the Naval Research Laboratory on the 7th and
8th of December 1950, This interesi resultec in theoretical analyses

by Professors M, Summeriield and L. Crocco of this Centere

Professor Summerfield's work, "Theory of Unstable Combustion in
Iiquid Propellant Rocket Systems® (JARS, Sept. 1951), considers the
effocts of both inertic in the liquid propellant feed lines and combuse
tion chamber capacitance with a constant combustion time lag, und
applied %0 the case of low (up to zbout 200 cycles per second) free

RESTRICTED
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I1 INTRODUCTION (Cont'de)

B, History (Cont'd,)

quency oscillations sometimes called "chugging®,

Professor Crocco advanced the concept of the pressure dependence
of the time lag in mid-1951; his paper, “Aspects of Combustion Stability
in Liquid Propeilant Rocket Motors" (JARS, Nov. 1951 and Jan.-Feb. 1952),
presents the fundamentals resulting from this concept, and analyzas the
cases of low frequency instability with monopropellants, low frequency
1natability with bipropellants and high frequency instability, with com=

bustion concentrated at the end of the combustion chamber,

Desiring to submit the concept of a pressure dependent time lag to
axperimental tuet a preliminary proposal was made by the University to
the Bureau of Aerciiautics in the summer of 1951 and, following a formal
request, a revised proposal was submitted which resulted in the present

contract dated 30 April 1952,

Analytical studies of distributed combustion had been carried on in
the meaitime under Professor Crocco's direction and within the sponsor=
ship of the Guggenheim Jet Propulsion Center by S.I. Cheng and were
issued as his Ph,D. thesis, "Iptrinaic High Frequency Combustion Inati-
bility in a Liquid fropellant Rocket Motor", dated April 1952,

Time was devotes, in anticipation of the contract, during the first
third of 1952 to constructing facilities, securing personnel, and plane
ning the experimental approach,

RiSTRICTAD
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II INTRODUCTION (Gont'd.)

Be  History (Cont'd,)

During the first three mon:h period of the contract ysar, personnel
and facilities at the new Jamos Forrestal Research Center were assigned,
and the initial phases of the experimental program were planned in some
dotall,

A constant rate monopropellant feed systea was designed and pre-
liminary designs of the ethylene oxide rocket moitor and the instrumenta-
tion systems were worked out. Special features of the projected systems
included a pulsing unit to cause oscillations in propellant flow rate, a
water~cooled strain-gage pressure pickup designed for flush mounting in
the rocket chamber, and several possible methods for dynamic measurement
of an oscillating p:opollant flow rate.

Searclies were made of the literature for sources of information
on oombustion instability and ethylene oxide, and visits to a number
of activities working on liquid propellant rocket combustion instability
problems were made for purposes of familiarisation with eQuipment and

results,

The basic precepts of Crocco's theory for combustion instability
were reviewed, and detalled analyses made tor specific patterns of com-

bustion distribution, ,

Operational tests and calibration of the Princeton-MIT pressure
pickup proved the value of the design, although failure of the pickup
under "screaming® rocket conditions showed the necessity for modification

RESTRICTED
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II INFGRMATION {Cont'd,)

Be History (Cont'd,)

of the cooling system,

Conatmétien of the monopropellznt test stand and rocket motor was
completed, Modifications were made to the Princeton=-MIT pressure pickup
to provide for higher permissibls hest-transfer rates in order that it be
satisfactory for use under "screaming®™ conditions in a bipropellant rocket
mowre Construction and prolim:l.néry testing of the hotewire flow phase-

meter and its associated equipment were completed,

Subsequent efforts are presented in detail in this report,
Ce Schedule

l. Operations

It has been decided that since theoretical analysis of the highe
frequency instability bipropellant case has progressed so satisfactorily,
detailed experimental studies of monopropellant rockets and of lowefrequency
instability in bipropellant rockets have been deemed unnecessary, and have
been dropped from the program, This decision involved a certain amount of
rescheduling, as indicated by Figure 1,

2+ Reports

A nev contract, NOas 53~817-c, has besn granted by the Bureau of Aero-
nautics as of 1 March 1953 to continue the work originally authorised under
the subject contract, NOas 52-713=ce Since the new contract is a direct cone

RESTRICTED
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II INFORMATION (Cont'd,)

Ce Schedule (Cont'd.)
2. Reports (Cont'd.)

tinuation of the present effort, this Fourth Quarterly Progress Report
will replace the Final Report originally specified by NOas 52=713-ce
Ais0, since the new contract overlaps the present one by two months, the
Fifth Quarterly Progress Report (i.e., the first quarterly_of Contract
NOas 53=827-c) will cover the period from 1 May to 31 July 1953
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III APPARATUS

Ae Monopropellant Rocket Motor

Severel different motor configurations were used in an effort to ob-
tain decomposition of ethylene oxide, as will be described later in this
report, The final arrangement, which has been used on all subsequent tests
to date, is illustrated in Figure 2. This configuration features three
cylindrical seciions each 6" long, used with the original nossle, provide
ing an L* of about 820 inchess Ignition is supplied by two Bendix-Scine
tilla highepresasure highepower spark plugs energised by a Bendix-Scintilla
TIN=10 generator unil, The ethylene oxide injeciion pattern is unchanged
from the configuration illustrated in the Third Quarterly Progrees Report,
as is the location of the gaseous oxygen inlet port. The oxygen port (in
the head end of the motor) has been fitted with an orifice to provide

measurement of oxygen flow rate.

The pulsing unit was delivered in March. Although it has besen used
on several runs, t0 be discussed later in tﬁia report, several modifications
will be required before it is conpletoly'aatiatactory for application to
time-lag measurements, The drive motor was underpowered, and a larger drive
has been ordered, The original motor is now in current use, but has the
disadvantage of slowing up during a run so that a constant flow modulating
frequency cannot be obtained. The graphitar piston sealing ring proved
entirely unsatisfactory, and has bcen replaced with a double teflon "QO'=
ring‘uhich,.houovqr, must be replaced every three or four runse The main
connecting rod bearing has shown appreciable wear, and, although this con-

dition was somewhat relisved by the addition of a pressurised lubricant

RESTRICTED
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TII APPARATUS (Cont'd.)

A. Monopropellant. Rocket Motor (Cont‘'ds)

supply, the cilite sleeve will shortly be replaced by a ncedle bearing.
Despite these difficulties, the unit has been in continuous use at {re-
quencies up to 150 cycles per sscond (9,000 RPM), Photographs of the unit
as installed on the thrust stand appear in Figures 3 and L.

The monopropellant tank has finally replaced the interim tank illue-
trated in the Third Quarterly Progress Report, The new tank installaticn,
shown in Figure 5, features a full length high=-pressure sight glass which

may be used to make accurate msasurements of average propellant flow rates,

Be Instrumentation

All instrumentation required for the monopropellant system has been
delivered, withths exception of the four-channel filter, Some of the
items, however, are inactive or had to be returned due to malfunction or
failure to meet specifications, The Ampex magnetic tape recorder head
was returned to the vendor for adjustments to the high~speed playback
circuit, the li mass flowmeter was again returned to have its excessive
leakage corrected, and a sufficient number of circuit difficulties have
been encountered on the Mittelmann electromagnetic flowmeter to preclude
even a steady-state calibration of the instrument. The major problem er=
countered, however, has been the matching of the Advance Electronics DC
differential amplifier to other circuit componentss A solution to this
problem has been evolved which requires a difference in ground level of

112 volts betweer input and output signals of the amplifier, and, although

RESTR1CTED
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Be Instrumentation (Cont‘d.)

the instrument has boen opcrated satisfactorily under these conditions,
convenience dictates that an alternate amplifier be oiytained, Fore
tunately, it is expected that only a slight delay in the overall schied=
ule will be occasionsd by this development,

In order to take full advantage of the dual channel oscilloscope, a
General Radic strip film oscillograph camera with a film speed range of from
5 inches to 35 feet per second has besn obtained. Operation of this instrue-
men? combination has proven satistactory, as is evidenced by the hote=wire
data included later in this report. As soon as the tape recorder head is
returned, a series of calibrations will be made on all recording instru-
ments to determine their relative acouracy and reproducibility,

Operation of the Princeton-MIT water-cooled double catenary diaphragm
pressure pickup has been satisfactory in the monopropellant system. Fure
“her calibrations have besn postponed due to the urgency of obtaining suf-
ficient rocket motor operational data to check out the system, tut *hese
calibrations will be made during the next report periods Individual bal-
ancing bridges and power supplies have been constructed for each projescted
channel, and have been insartod in the rocket motor control panel as shown
in Figure 6, This equipment has operated satistactorily on all runs to
date,

The differential pickups now on hand are all of the original coolant
passage design, which was demonstrated to be inadequate for flush=mounting

ReSTRICTED
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IITI APPARATUS (Cont'ds)

B. Instrumentation (Cont'd.)

in a screaming bipropellant rocket. (See the Second Quarterly Progress
Report)s Two "dummy® pickups (1.e., without strain-sensing element)
featuring a coolant passage modification which will increamse the allow=
able heat transfer have bsen deli;orod to the Rocket laboratory st the
NACA lewis Flight Prapulsion laboratory in Cleveland for operation under
bipropeilant screaming conditions, and results will be reported as soon
as they become available. An entirely different strain-gage pickup de-
sizned b the Control Engineering Corporation of Norwood, Massachusetts
has aleo been delivered to the NACA for evaluation. The basic design
of this pickup follows the orig:l'ml Li=Draper patent in t.hst it incor-
porates a single catenary diaphragm which actuates a cylindrical strain
tube, but cooling is accomplished by spraying water directly onto the
back of the diaphragnm,

Several minor modifications have been made to the diffurential pickup
which have been successful in eliminating back pressure leakage and breake
age of the necessarily small back pressure fitting. No difficulties of
any sort have yet been encountered in operation of the absolute pressure
pickupe Figure 7 shows one operating configuration in which a differen-
tial pickup is mounted in the chamber and an absolute pickup in the ine

Jector of the monopropellant rocket motor.

The hot~wire flow phasemeter has buen calibrated for frequency res-
pongs in several different ways, as described later in this report, and

is now ready for installation in the flow calibration rige The flow rig

RESTRICTED
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III APPARATUS (Cont'de)

B. Instrumentatien (Cont‘'d,)

has been set up as shown in Figure 8 (minus an instantaneous flowmeter

. due to forementioned difficulties with the Mittelmann and Li meters)

and nonsteady-state calibration of the monopropellant injecter orifices

will be initiated in the near future,
Ce Bipropellant Rocket Motor and Feed System

The first propellant combination to be evaluated in the bipropel-
lant studies was selected to be liquid oxygen and ethyl alcohol, prie
marily bocuuio of the large amount of data previously accunulated on
the performance and instability characteristics of this combinatione
The flow system, thrust stand, rocket motor, and instrumentation system
have been laid out, and arter finalisation of design details, purchasing
of components and construction of the test stand will vegin,

The fiow system as presently conceived consists of pressurised
stainless steel tanks feeding through Potter flowmeters, cavitating
venturis, and a pulsing, or rather flow modulating unit, the latter con-
sisting of two pistons whose phese can be adjusted with respect to each
othere This configuration will be used only until the significance of the
combustion time lag in bipropellant motors is establish ., and f;ho flow
modulating unit will be removed before studies of actual instability are
begun,

The rocket motor will consist of an uncooled copper chamber, in

which the chaiver pressure pickups will be mounted, with a water-cooled

RESTRICTED
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Ce Bipropellant Rocket Motor and Feed System (Cont'd:)

copper nozzle and an impinging-stream injector patterned after a design
used extensively by Reaction Motors, Incorporated for instability and
performance studies, Chamber pressures ranging from 300 to 900 psi will
be used, resulting in a thrust range of approximately 250 to 800 poundse

The instrumentation system will be patterned afver the present mono-
propellant system, utiliszing the double-diaphragm water-ccoled pressure
pickups as its principal feature, Additicnal highefrequency, high pere
formance instruments such as another multi=beam oscilloscope and multi-
channel FM tape recorder (or adaptation of the present fecordcr) will

also be vequired,

Details of the final system designs will be presented in the Fifth
Quarterly Progress Report of Contract NOas 53-~017ec,

RESTRICTAD
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IV INFORMATION AND DATA

Ae Monopropellant Rocket Motor

Testing during this report period consisted of three partss shakedown
operation of the monopropellant motor, steady-state tests to deteqmine
operating limits of oxygen flow, and nonsteezdy tests (during which the
ethylene oxide flow rate was modulated by the pulsing unit), the primary
purposs of the latter being checkout of the instrumentation. Summaries
of the three phases are as followss

1, Shakedown operation

The first serics of tests was made with the rocket motor configuration
illustrated in Figure 3 of the Third Quarterly Progress Report, consisting
of two cylindrical sections each six inches long and five inches inside dia-
meter, and the same nossle and head-plate shown in Figure 2 of the prosenf
report, L* for this motor was 570 inchess Uperation of the motor was satis-
factory as long as gaseous oxygen flow was maintained, but decomposition of
ethylene oxide could not bs sustained when the oxygen was cut, off. A number
of configuration changes were tried at chamber pressures from 300 to 700 psi
without success (ses Monthly Progress Report for March, 1953 for details),
culminating in two runs which resuited in failure of the neckededown nozsle
flange bolts. No significant damage to motor or thrust stand components
ocourred (see Figure 9), and the explosions were later traced to insufficient
spark ignition. This was corrected both by using two plugs firing alter-
nately instead of the single plug utilized at the time the failures occurred,
and increasing the voltage supply to the ignition generator unit. No sub=
*quent feilures have occurred since these measures were taken,

RESTRICTED
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A. Monopropellant Rocket Motor (Cont'd,)

1, Shakedown operatiocn (Cont'd,)

It was decided at this point that since development of a monopropellant
motor utilising the pure decomposition of ethylene oxide would consume val-
uable contract time and money, and since small amounts of gaseous oxygen
would not affect the application of the time-lag instability theory to
nonopropel.lant rocket motors, the technique of using oxygen would be ew=
ployed on all future "monopropellant® tests, The next step, then, was to
detarmine how much oxygen was required, and to establish an operating value
of O/F ratio.

2¢ Operating limits of Oxygen Flow Rate

An orifice was installed in the oxygen injection part, and calitrations
were made using Fiacher-Porter gas Flowrators. The accuracy of these cali-
brations is probably no better than ten percent, but since the only purpose
of this measurement was to establish some fixed operating condition, higher

degrees of accuracy were deemed unnecessary.

A series of steady-state tests of ten seconds duration were midee Keepe
ing the ethylene oxide flow rate constant, “he gaseous oxygen flow was varied
from a point at which the reaction would not start to a value at which pere
formance became nearly constant, This was repeated for three values of
ethylene oxide flow rale, corresponding to nominal chamber pressures of
300, 600, snd 90C pai,

The results of these tests appear in Figure 10, which plots specific
impulse against oxygen-ethylene oxide ratio for the three values of

RESTRICTED
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IV INFORMATION AND DATA (Cont'de)

A. Monopropellant Rocket Motor (Cont'd.)

2, Operating Limits of Oxygen Flow Rate (Cont'd,)

ethylene oxide flow rate, Alsc inciuded are several comparison runs at
different values of L* obtained by removing one section from the motor
pictured in Figure 2.

Bach point of Figure 10 represents one run., bthylene Jxlde flow rate
ws obtained by a Potier flowmeter, with an estimated accuracy of ¥ 1%,
and thrust from & L1 strain-gage load cell recording on a leeds and Northe
up "Speedomax" potentiometar, with an estimeted overall accuracy of bt 2%

3, Operation With Modulated Propellant Flow Rate

These tests were run with the motor configuration of Figure 2 at a
nominal chamber pressure of 600 psi, using the pulsing unit shown in Fige
ure he The pressure pickup configuration used was that shown in Figure 7
uitﬁ une pickup in the chamber and one in the injector, and the pressure
data was recorded linuitaneouoly on magnetic tape (after having passed
through Ballantyne A.C. amplifiers), and on the recording oscillograph
(after amplification ihrough Brush D.C. amplifiers), Typical D.C. record-
ings of one run (No, L3) are shown in Figures lla, 12, aad 13, showing the
start, a point two seconds after the start, and a point 9 seconds after the
starte Figure 1lb illuatrat.o; for comparison purposes only, typical D.C.
dats from a run without flow modulation (No, L8)e Figure 1l shows an un=
filtered section of Run L3 which was played back into the oscillograph from
the Ampex tape recordsr at one-twentieth of recording tape speed, and clearly
illustrates the excellent time=scale resolution wnich can be obtained in this
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IV INFORMATION AND DATA {(Cont'd,)
A, Monopropellant Rocket Motor (Cont'd,)
3, Operation with Modulated Propellant Flow Rate (Cont'de)

way, despite the fact that it represents only one=fourth of the maximum
possible time-scale amplification which can be obtaineds Note that the
data of this figure was taken through an A.C. amplifier, and henue only
the modulated portion of the signal appears on the figure,

A plot of modulating frequency against time for the illustrated run
appears in Figure 15, clearly demonstrating the pulsing unit slowdown caused
by the fact that the drive motor was underpowered. The magnitude of the

pressure oscillations resulting from flow rate modulation are shown in the

sanme ﬁguro.
Bs Hot=Wire Flow Phasemeter

Tests to determine the time cons*ant of a suitable hotewire cone
figuration were made as a unit investigation, the resulis of which are
presented in Appendix A. All information and data are included in the
body of the Appendix. It is intended that develupment of this item will
be continued toward ultimat¢ use in the calibration of pressure pickups

to measure instantaneous flow as described in the Third Quarterly Progress
Report,

RESTRICTED
SiCURTTY 1.FURMATION



2 .
-~ [P " a0 e —

ProU, Aero. Engge Rpt. No. 2164 21
RESTRICTED

SuCURTTY INFORMATION

vV DISCUSSION

! . Ae Monopropellant Rocket Motor Tests

1. Shakedown operation

A number of possible e:éplanationa have been offered for the failure
of the monopropellant rocket to decompose ethylene oxide without the
presence of oxygen. A few of these include (a) unsuitable injection
pattern, (b) excessive mass=flow-to-volume ratio, (c) excessive number

of droplets for available rsaction vol\no', etce Unfortunately, however,

e s =

80 little is known about the physical and chemical characteristics of
monopropellant decomposition that no definite cause can be quickly est-
ablished, The attack wouid thus, of necessity, become a purely empirical
test program such as has been pursued by other monopropellant ::ocket exe

e ——

BT ¢

perimenters, and expenditure of the required time and money for such a
program was not deemed advisable or necessary to the subject studys hence
the decision to operate with small amounts of oxygen was made, later
tests indicated that only minute amounts of gaseous oxygen were required
to sustain the reaction, and, as will be illustrated below, the percentage
change in performance chanct.oristic’ which results from the uses of oxygen

is of the order of experimental instrument error,

o ———— | T A s ki g it

% See L.A. Wiseman, *Liquid Propellants”s An Analysis of the Factors
Determining Combustion iclency Sunsitiveness®, DBritish
Ministry of Supply, Explosives Research, and Development Report
No. 42/R/51 = SECRET DISCREET

RESTRICTED
SECIRITY INFORMATION

R e g e e e e . g e~

g



SR o Y s

R

B i it

Rt L -

. g o a s

- AR .. B P hdasiaad

Pr.Us Aeroc. Ehggo Rptq NO. 2.1.6d 22

- -

RESIRICTED
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V DISCUSSION (Cont'd,)

Aes Monopropellant Rocket Motor Tests (Cont'd.)
2. Operating limits of Qxygen Flow Rate

Figure 10 shows that the performance of the "moncpropellant® rocket
increases appreciably up to some value of O/F ratio, after which the in-
crease is more gradual. It is believed that the initial rapid rise rep-
resents the improvement in percentage of decomposition, which reaches its
maxinum value in the neighborhood of the "knee"., The continued amall ine
orease in performance with O/F ratio after passing the "knee" results from
the additional energy supplied by the oxygen-ethylene oxide combustiom,
vhich wuld eventually reach a peak at or near the stolchiometric mixture
ratios The desired operating point would be at an Q/F ratio sufficiently
high above the ¥imee" so that the 104 variations in ethylens oxide flow
rate induced by the pulsing unit wili nevar result in an O/F ratic below
the "knee*. This is nocou&ry; in order to isolate the essentially phys~
ical eitects of t.}'no flow-rate oscillat one from the chemical effects of
change in percentage decomposition of propellant mass due to insufficient
oxygens Typical operating points are indicated in the figure.

'The check points taken at lower values of L*, aithough not sufficiently
numerous to be conclusive evidence, indicate that performance is sensitive

to this parameter, and hence the future standard moyar configuration will

include all three sections,

Th